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INTRODUCTION
Mountain areas in the Alps are one of the zoogeographical regions that were affected by the latest post-glacial colonization events. Most water bodies are less than 10,000 years old and originated after the retreat of ice-sheets after the Last Glacial Maximum (~21,000 BP). Therefore, distribution patterns of aquatic organisms reflect recent post-glacial events and their determinants are mainly ecological (Stoch 2007) .
Several studies have been devoted to the ecology and distribution of spring fauna in Europe (Botosaneanu 1998 ), but information is still sparse on crenic meiofauna (Särkkä et al. 1997; Notenboom et al. 1999; D'Ambrosio et al. 2003; Fiasca et al. 2004; Di Lorenzo et al. 2005; Gerecke et al. 2005) . Most recent faunistic inventories of freshwater organisms from springs in the Alps were assembled from their northern slopes, in Switzerland, Austria, and Germany (see for example Gerecke et al. 1998; Gerecke & Franz 2006; Staudacher & Füreder 2007; Fumetti et al. 2006) . Only more recent contributions (see Crema et al. 1996; Stoch 1998b Stoch , 2003 Sambugar et al. 2006 and references therein) have been devoted to the Alpine and pre-Alpine crenic meiofauna on the southern slopes of the Alps, and have revealed the presence of rare or new species. In the meantime, several studies have produced evidence that the meiofauna plays an outstanding role in the invertebrate communities of freshwater habitats (Rundle et al. 2000) , not only in terms of species diversity, but also with respect to their high population densities (Stoch 2003) and their role within the food webs (SchmidAraya & Schmid 2000) . However, the number of regional surveys of crenic meiofauna distribution in the Alps remains limited, and gaps remain in our knowledge of the geographical distribution and basic ecology of meiofaunal species. This paper presents data on meiofauna sampled from 110 Alpine springs in Trentino (south-eastern Alps) within the CRENODAT project (Laveder 2007) . The main focus is on the Annelida, freshwater mites (Hydrachnidia and Halacaridae), and microcrustaceans (Ostracoda and Copepoda). The aims of this paper are (i) to assess species richness and composition of meiofaunal assemblages in a large Alpine region; ii) to examine the relationship between the occurrence of meiofaunal species and environmental descriptors at a regional scale along an altitudinal gradient of over 2600 metres; (iii) to compare the role of the measured environmental variables for the different taxonomic groups.
MATERIALS AND METHODS

Study area
The south-eastern Alps form a complex pattern of geological strata that offers different hydrological conditions to the aquatic biota. Basically, two major hydrobiological provinces can be distinguished on the basis of the different solubility of the bedrock: springs on primary rocks in the Alps tend to have ion-poor softwater, while springs in the limestone Alps and Dolomites are rich in carbonate (Cantonati et al. 2007 and references therein).
The selection of springs throughout the Trentino area (6207 km 2 ) was based on the following attributes: perennial flow regime, no water exploitation, free surface flow of the emerging water without anthropogenic disturbance, and an even altitudinal distribution, including high altitude springs (Laveder 2007) . The location of the springs sampled during CRENODAT project is reported in figure 1, superimposed on a simplified geological map. The sampled springs were located over a wide altitudinal range (from 170 to 2792 m a.s.l.), and a variety of geological substrata: from sedimentary (mainly limestone and dolomites) to siliceous rocks (metamorphic, microcrystalline, crystalline) . A more detailed description of the whole environmental dataset can be found in Cantonati et al. (2011, submitted) .
Sampling methods
The crenal area sensu stricto (eucrenal) was selected for sampling, limiting this area to the spring mouth, as well as to smaller rivulets before they merge in a single channel (the so-called hypocrenal: Gerecke et al. 1998) . Sampling methods for meiofauna used in the CRENODAT project, as well as preparation and study methods for individual meiofaunal groups are described elsewhere [Sambugar (2007) for Annelida, Gerecke & Di Sabatino (2007) for Acari, Stoch (2007) for Copepoda, Rossetti (2007) for Ostracoda]. Individual microhabitats were sampled at each spring and the sampling techniques were calibrated to obtain quantitative results comparable to a small Surber-like sampler . Three distinct microhabitats were retained in this study: a) stones, pebbles, and rocky surfaces; b) bryophytes; c) sediments (sand and debris). Samples were filtered through a sieve (mesh size 100 μm). More details are reported in Gerecke et al. (2011) .
Species abundances used in the statistical analyses were obtained, combining the values of every microhabitat for each spring, weighting each microhabitat by its coverage of the crenic habitat.
Measurement of environmental variables
Eighteen environmental variables were chosen as environmental descriptors of species distribution in the region and measured at each site: (1) altitude, determined with a Geographic Positioning System (GPS III Plus™) and verified on topographic maps; (2) specific conductivity at 25 °C, measured using Hydrolab multiprobes (H20 and Quanta); (3) average discharge, measured using a graduated bucket; (4) average current velocity, measured with an OTT propeller-flow meter; (5) pH, (6) alkalinity, (7) dissolved organic carbon (DOC), and concentrations of (8) calcium, (9) magnesium, (10) nitrates, (11) phosphates, (12) silica, (13) sulphates, (14) chloride, (15) sodium, and (16) potassium, measured using standard methods after the American Public Health Association (APHA 2000); (17) spring typology (limnocrenic, helocrenic, and Distribution of crenic meiofauna in the south-eastern Alps 67 rheocrenic); (18) impact index (a visual index ranging from 0 = no anthropogenic pressure to 4 = high anthropogenic pressure). Additional morphological variables measured in the field were coverage of bryophytes (20), sediments (sand and gravel) (21), and pebbles, boulders and rocks (22). More details can be found in Cantonati et al. (2007) . Due to the observed collinearity among some measured environmental variables, average discharge and average current velocity were combined, together with spring typology, in a single variable (flow velocity condition, coded as "flow") and scored (1-5) following Cantonati et al. (2007) .
Statistical analysis of data
In order to assess relationships between the distribution of meiofauna and environmental variables, a Canonical Correspondence Analysis (CCA) was performed using the statistical package CANOCO version 4.5 (ter Braak & Šmilauer 2002) . CCA was based on the environmental matrix of measured physical and chemical water variables and species abundance data. Species abundances were log(x+1) transformed to reduce the effect of the most abundant species on the ordination. Due to the tendency of rare species to distort the analyses, species with a single record or springs with a single species were excluded from the ordination, and rare species were down-weighted. The Monte Carlo permutation test (999 permutations) was used to assess the significance of the canonical axes.
RESULTS
Meiofaunal species richness
One hundred and thirty-eight taxa (mainly identified at species level), belonging to the Annelida (39), freshwater Acari (57), Copepoda (24), and Ostracoda (18), were found in the Trentino springs (Tab. 1). The freshwater Acari (41% of total species richness) were the most species-rich group, followed by the Annelida (28%), Copepoda (18%), and Ostracoda (13%). However, by considering taxon abundance in terms of number of individuals for each group, the composition of crenic assemblages is dominated by Crustacea (Copepoda, 39% and Ostracoda, 32%), followed by Acari (21%), while the abundance of Annelida was very low (8%).
Distributional rarity was high: no meiofaunal species were found in seven sites (6% of all sites) and 47 species (34% of all species) occurred in one site only. The most common species belong to the Copepoda; five out of 24 species were present in more than 20% of the springs, Bryocamptus echinatus being present in 60 springs (43%). Only three of 57 species of Acari (Soldanellonyx chappuisi, Partnunia steinmanni and Atractides panniculatus), one species of Annelida (Nais communis) and two species of Ostracoda (Psychrodromus fontinalis and Potamocypris pallida) were recorded in more than 20% of the springs, and never more than in 28 springs (Psychrodromus fontinalis).
The mean number of species per spring was 9.4 ± 6.0 (mean ± standard deviation), slightly higher in siliceous than in carbonate springs (Tab. 2). The Acari have the highest local diversity (3.6 ± 3.8), followed by Copepoda (3.3 ± 1.9), Annelida (1.3 ± 1.8) and Ostracoda (1.2 ± 1.1).
Environmental gradients
The summary of environmental variable values (mean ± standard deviation) is shown in table 3. In the same table summaries are given for carbonate and siliceous springs. Siliceous springs have a lower specific conductivity and alkalinity, lower pH values, as well as a lower value for all chemical variables except silica. The coverage of bryophytes, pebbles and stones, and fine sediments show wide variation (Tab. 3). Bryophytes (especially liverworts) are more frequent in siliceous springs, where there is a lower amount of fine sediments. However, the differences were not statistically significant, probably linked more to altitude and flow velocity than to lithology.
Ninety-five species and 96 springs were retained for Canonical Correspondence Analysis. As a first step, CCA was performed including all environmental variables. The contribution of substratum structure (expressed as coverage of the three main substratum types) to CCA axes was weak. Variance partitioning (following Borcard et al. 1992 ) between substrata and chemico-physical variables demonstrated that substratum structure accounted for 3.2% of overall variation, while the contribution of the other variables was high (27.2%), and, together with joint variation with substratum (1.4%), explained approximately one third of the total variation in the species abundance matrix. After excluding substratum structure, the first two CCA axes ( Fig. 2 ) accounted for 43.4% (28.3% the first axis, 15.1% the second axis) of the cumulative variation of the species-environment relationship (Tab. 4). Speciesenvironment correlations were high (0.87 for axis 1 and 0.81 for axis 2), suggesting a strong influence of environmental gradients on the composition of the meiofaunal assemblages. The Monte Carlo permutation test showed that both canonical axes were significant (P <0.001).
Altitude, together with specific conductivity, alkalinity, calcium, magnesium and chloride had the strongest correlations with the first axis (Tab. 4), defining an altitudinal gradient. Along this main gradient the ionic content of crenic waters decreased with increasing altitude, in relation to the geological substratum. Silica and sodium have a strong, negative correlation with the second axis, while pH, calcium and magnesium have a positive correlation, clearly separating springs on carbonate rocks from those on siliceous (Fig. 2a) , including volcanic, rocks mostly defined by sodium content. All taxa 9.4 ± 6.0 8.0 ± 4.9 11.5 ± 6.8 Annelida 1.3 ± 1.8 0.9 ± 1.2 2.0 ± 2.3 Acari 3.6 ± 3.8 3.0 ± 3.4 4.4 ± 4.2 Copepoda 3.3 ± 1.9 3.0 ± 1.8 3.8 ± 1.9 Ostracoda 1.2 ± 1.1 1.1 ± 1.0 1.3 ± 1.2
Tab 3. Summary of environmental variables (mean ± SD) in springs in Trentino. (mg L -1 ) 7.5 ± 8.4 11.9 ± 8.3 0.9 ± 1.0 Na + (mg L -1 ) 1.7 ± 1.8 1.9 ± 2.2 1.4 ± 0.9 K + (mg L -1 ) 0.6 ± 0.6 0.7 ± 0.7 0.5 ± 0.3 DOC (mg L -1 ) 1.5 ± 1.4 1.6 ± 1.4 1.5 ± 1.4 Impact index 0.6 ± 0.8 0.7 ± 0.9 0.5 ± 0.6 Flow index 3.9 ± 1.3 4.0 ± 1.2 3.8 ± 1. The two groups of springs were arranged along the altitudinal gradient and along a flow velocity gradient (indicated by the corresponding arrow in Fig. 2b ), suggesting that both groups include fast-flowing rheocrenic springs, mainly located at high altitudes, and slow-flowing helocrenic springs at mid-low altitudes. However, most of the low altitude springs are on carbonate substratum (Fig. 2a) . As well as the impact index, phosphates show a weak correlation with both axes (Tab. 4 and Fig. 2b ), suggesting that their effect on meiofaunal assemblage structure is negligible; nitrates increase slightly at lower altitudes, following alkalinity, calcium and magnesium.
Species-environment relationships
In the CCA ordination plot (Fig. 2c-f) , some species were restricted to high altitude sites, such as the Acari, Feltria setigera, Lebertia schechteli, Lebertia maculosa, and the Harpacticoida, Bryocamptus cuspidatus and Bryocamptus rhaeticus. Feltria setigera and Bryocamptus rhaeticus were restricted to fast-flowing, rheocrenic springs. Species showing a preference for low altitude sites were the oligochaete Marionina argentea, the mite Ljania bipapillata, the cyclopoid Paracyclops imminutus, the ostracod Psychrodromus fontinalis and, to a lesser extent, the oligochaete Rhyacodrilus falciformis, the mite Hydrovolzia placophora and the harpacticoids Bryocamptus echinatus and Attheyella crassa. The remaining copepods and water mites were evenly spaced along the altitudinal gradient, while most annelid species were positioned close to the origin of the axes, indicating wide ecological tolerance to environmental variation. Ostracods showed a preference for low altitude sites.
The altitudinal range for the most frequent meiofaunal species (defined as present in more than 20% of the springs) is shown in figure 3. All these species had their optimum at a certain point along the gradient, as already shown by CCA analysis. Nevertheless, they had a wide tolerance towards altitude and the measured hydrochemical variables, which define the gradient, suggesting that the commonest crenic species are generalists.
Most Oligochaeta (Fig. 2c) , especially the Naididae, were linked to siliceous springs located at mid-altitudes, with a low flow index, while the few Enchytraeidae showed a slight preference for carbonate springs. The Acari (Fig. 2d) were more widely scattered on the CCA graph, the species being evenly spaced along both gra- 
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dients, demonstrating a narrower habitat preference than the other taxa. However, most of the species were collected from siliceous springs. Among the Copepoda (Fig. 2e) , only a few species displayed a statistically significant correlation with siliceous springs with moderate current velocity, like the cyclopoid Eucyclops serrulatus. Finally, among the ostracod species (Fig. 2f) , Psychrodromus fontinalis, Potamocypris fallax, P. zschokkei, and Psychrodromus betharrami showed a statistically significant preference for carbonate springs, while Potamocypris pallida was mainly collected from siliceous springs. All ostracod species avoided fastflowing springs.
DISCUSSION
Composition of meiofaunal assemblages
The diversity of the meiofaunal assemblages (138 species) is high and supports the statements of some authors (Cantonati et al. 2006; Staudacher & Füreder 2007) who considered springs as hotspots of aquatic biodiversity. However, the most frequent species are usually generalists with a high degree of habitat tolerance and a wide altitudinal distribution (see Fig. 3 ).
The most consistent set of annelid assemblages is given by a group of ubiquitous species (Nais communis, N. variabilis, N. pardalis, Chaetogaster langi, C. diastrophus, Enchytraeus buchholzi, Mesenchytraeus armatus) . Nais communis is the most widespread species. Within the Annelida, few or no species seem to be exclusively linked to crenic habitats. Apart from the above-mentioned, ubiquitous Naididae, the Enchytreidae include mainly terrestrial and semi-aquatic species that have also proved to be quite common in subterranean aquatic environments (Giani et al. 2001) . The only genus with exclusively aquatic species, Cernosvitoviella, is represented by an unusually high abundance and diversity (nine species, one new to science).
Seven of the ten species present in more than 20 springs belong to the Copepoda. None of them is exclusive to crenic habitats, although Attheyella wierzejskii has so far mainly been collected from Alpine and Apenninic rheocrenic springs in Italy (Stoch 2007) . Four of the most common copepod species belong to the genus Bryocamptus (B. zschokkei, B. tatrensis, B . pygmaeus, B. echinatus). They are reported from other habitats, including interstitial habitats, caves, lake shores, and, for B. pygmaeus, semi-terrestrial habitats (Janetzky et al. 1996) . Paracyclops imminutus is a rheophilic species, widely distributed in the Palaearctic region in several kinds of surface and in subterranean waters (Karaytug 1999) , while Moraria alpina is distributed in springs, bogs and interstitial waters in the Alps (Stoch 1998a) , as well as in central Europe (Gerecke et al. 2005) . Ostracods are never as common as copepods. The most frequent species, Psychrodromus fontinalis, usually occurs in springs and mountain brooks, but is also found in karstic ground water, mainly in ecotones between surface and groundwater environments (Baltanás et al. 1993) . Potamocypris pallida was by far the most abundant ostracod species, accounting for 69.7% of the total ostracod specimens. This species is known to inhabit springs, cold streams flowing from springs, and spring-fed ponds (Meisch 1984; Stoch 1998b) .
Conversely, some of the crustacean species, recorded from one site only, are interesting from a faunistic and biogeographic point of view. Within copepods, two of these rare species are stygobionts: Speocyclops cerberus, formerly known from a single cave in Austria (Gaviria 1998) and new to the Italian fauna, and Diacyclops sp. of the languidus -group, new to science. Bryocamptus abnobensis, previously recorded from central Europe (Janetzky et al. 1996) , is reported for the first time from Italy, while Maraenobiotus zschokkei is a rare Alpine species known from a few springs in Italy (Berera et al. 2006) and Switzerland. Among the ostracods, Potamocypris villosa was first recorded in an Italian Alpine spring during the present study.
Copepods found in springs are usually not true crenobionts (Stoch 1998b (Stoch , 2007 Galassi et al. 2002) . Most of the crenic species also occur in the epirhithral, in the littoral zone of lakes, in semi-terrestrial habitats (e.g., wet bryophytes and moist soil), or in ground water (Gerecke et al. 1998; Jersabek et al. 2001; Galassi et al. 2002; Stoch 1998b Stoch , 2003 . The same holds true for ostracods too; very few species found in springs seem to be true crenobionts or specifically associated with waters connected to springs (for example, Cyclocypris helocrenica, Psychrodromus olivaceus, Potamocypris fallax). Most ostracods are habitat generalists and occur in other surface aquatic systems, or in interstitial and groundwater environments as well (e.g., several representatives of the subfamily Candoninae after Gidó, 2005) .
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The true water mites included one recently described species for which a new subgenus was created, Lebertia (Brentalebertia) hygropetrica Gerecke, 2008 , and nine other species new to the Italian fauna (Panisellus thienemanni, Lebertia bracteata, L. macilenta, L. reticulata, Atractides adnatus, A. macrolaminatus, Feltria cornuta, Aturus serratus and A. fontinalis) . Moreover, the Acari included 121 (semi-)terrestrial taxa, including nine species new to the Italian fauna (Gerecke et al. 2009 ). For two of the three most abundant Acari, Soldanellonyx chappuisi and Partnunia steinmanni, other contributions (Gerecke et al. 2005 , Gerecke & Martin 2006 ) confirm a rather wide altitudinal range, with S. chappuisi also able to colonize extreme habitats at high altitudes, which are potentially subject to drying or freezing, including pools, lake shores and subterranean waters. On the other hand, Hydrovolzia placophora, also widely distributed in Central Europe, is a strict crenobiont and depends on continuous year-round flow ).
Among the meiofaunal groups, the Acari represent a particular case; they include a high number of true crenobionts (Gerecke et al. 1998; Gerecke & Di Sabatino 2007) and show a discrepancy between species richness and abundance. While halacarids have a rather simple life cycle, with a larva and three nymphal stages gradually approaching the adult morphology, true freshwater mites (Hydrachnidia) display a particularly complex change in morphology and feeding behaviour during their development. Larvae are obligate parasites of freshwater insects, often with high selectivity for hosts, i.e. to a particular order or family. Active postlarval stages of the Hydrachnidia, deutonymphs and adults, feed as predators, mostly on eggs and early larval stages of insects, but also on other invertebrates (Martin 2005) . This feeding habit may explain the discrepancy between the high species richness and the low individual abundance in the Alpine springs. In natural ecosystems, predators are necessarily less abundant than their prey (Schmid-Araya & Schmid 2000) . Moreover, the complex interactions between the Hydrachnidia and their insect hosts and prey (Gerecke & Di Sabatino 2007) offer large numbers of niches for exploitation, and may explain the co-existence of several species in microhabitats where representatives of other meiofaunal groups, mainly feeding on organic matter and the associated microbial biofilm, microfauna and microflora (Dole-Olivier et al. 2000) , display lower species richness. Finally, life style may explain the unusual crenobiosis showed by this taxon (Gerecke et al. 1998; Gerecke & Di Sabatino 2000 .
Meiofaunal diversity patterns and their ecological determinants
Based on the CCA results, at the regional scale in Trentino, crenic meiofaunal assemblages are distributed along a gradient from high altitude, slightly acidic and poorly mineralized springs, to low altitude, alkaline waters, of high ionic content. A second gradient, mainly defined by silica and sodium concentration, separates those springs on siliceous (crystalline, metamorphic, and volcanic) bedrocks from those on carbonate massifs, mainly formed of limestone and dolomite. Finally, both siliceous and carbonate springs also follow a hydraulic gradient, defined by the flow index, and correlated with the altitudinal gradient. Therefore, the main environmental descriptors of meiofaunal distribution patterns in Trentino are altitude, water chemistry, and water flow. This is in agreement with the main results obtained for macroinvertebrates by Lindegaard et al. (1998) and several other authors who stated that altitude (Barquín & Death 2006) , flow regime (Gooch & Glazier 1991; Smith & Wood 2002; Smith et al. 2001 Smith et al. , 2003 Ilmonen et al. 2009; Fumetti et al. 2006) , and water chemistry (Barquín & Death 2009; Glazier 1991) are the main determinants of macrozoobenthic assemblages in springs.
The anthropogenic disturbance detected (summarized by the impact index), as well as the environmental parameters linked to human activities, such as phosphate concentration, are not important in the ordination of sites by CCA. The contribution of nitrates is also weak, albeit statistically significant, due to the low anthropogenic pressure in the area (Laveder 2007) . Conversely however, when present anthropogenic disturbance can be the most important environmental descriptor of meiofaunal assemblage structure and distribution, as demonstrated for Finnish springs (Särkka et al. 1997) , where it obscured the effects of the other factors.
Finally, the contribution of subtratum composition to the CCA axes was low. This suggests that this variable, advocated as a major determinant of macrozoobenthic abundance and distribution in springs (Glazier & Gooch 1987; Hahn 2000; Dumnicka et al. 2007 ), plays only a minor role in defining environmental gradients of Alpine crenic habitats in Trentino. This agrees with the results obtained by Lindegaard et al. (1998) for macroinvertebrates in Danish springs and by Schröder et al. (2006) for selected invertebrates in springs of the northeastern Alps. The high substratum heterogeneity within local crenic habitats may be responsible for the observed low influence on meiofaunal distribution patterns at the regional scale.
However, notwithstanding the high species-environment correlations revealed by CCA, about half the total variation is undetermined. There are at least two possible reasons for the high proportion of unaccounted variation, i.e. other spatially or non-spatially structured biological or environmental factors that were not measured in the field, or stochastic variation.
Spatial structures are of paramount importance in ecological studies because their presence indicates that some process has been at work to create them (Borcard et al. 1992 (Borcard et al. , 2004 Dray et al. 2006) . Apart from environmental factors, these processes include dispersal limitation and spatially constrained biotic interactions. Both abiotic and biotic processes are likely to operate on crenic meiofauna at different spatial scales, and for this reason variation partitioning (Borcard et al. 1992) between environmental, biotic and spatial components is under development and will be referred to in another paper. As suggested by Schmid-Araya & Schmid (2000) , it would be particularly interesting to explore the interaction between meiofaunal and macroinvertebrate assemblages; meiofaunal distribution patterns may be linked to those of macroinvertebrates. Macroinvertebrates may interact with the meiofauna as predators or competitors in exploiting resources and occupying physical niches during the first larval stages (SchmidAraya & Schmid 2000), as well as through the complex interactions with the water mites which parasitize them (Martin & Stur 2006 , Gerecke & Di Sabatino 2007 .
Finally, it is possible that stochastic processes (neutral theory of macroecology: Hubbel 2001), like the dynamics of populations which are partly driven by dispersal and may not be habitat-dependent, may also explain the unaccounted variation. This remains to be tested, but may be particularly important for water mites.
